Summary. Eighteen sand rats (Psammomys obesus) maintained on a vegetable or mixed vegetable and laboratory chow diet were bled and their pancreases removed and incubated in vitro to study insulin release. Plasma glucose and insulin measurements showed that all the animals were either normal or had a mild non-ketotic diabetes mellitus-like syndrome. Pancreatic insulin content was high (13 to 20 U/g) and insulin release in basal medium was 5 to 25 times that occurring with pancreas pieces from common laboratory animals. Basal in vitro insulin release correlated with the plasma insulin value at the time of sacrifice. Glucose, tolbutamide and dibutyryl cyclic AMP did not significantly stimulate nor did dopamine inhibit insulin release ~rom pancreases from normal or mildly diabetic sand rats. Glueagon, however, did significantly stimulate in vitro insulin release. Insulin secretion in the sand rat has unique control mechanisms.
Introduction
Diabetes mellitus-like syndromes in experimental animals provide unique opportunities to investigate manjr of the factors which may be involved in the etiology and pathogenesis of the human disease. The Egyptian sand rat is such a model. In his native habitat, the sand rat ingests foods which have low calorie and high mineral content [1] . In this marginal milieu the sand rat has normal blood glucose (less than 80 mg/100 ml) and normal tolerance to glucose [2] . However, when the animals are stressed (infection or capture) or when they consume a high caloric diet, such as that provided to ordinary laboratory animals, they develop a diabetes mellitus-like syndrome [3, 4] . This syndrome takes the form of an acute fulminating illness, characterized by ketosis, acidosis and rapid death, or a more chronic illness, characterized by obesity and hyperinsulinemia with or without hyperglycemia [3, 4] . This latter form of the syndrome is considered a parallel to the maturity onset form of human diabetes mellitus.
Studies concerned with insulin secretion and action in the sand rat show that the acute fulminating ketotic form of the disease is associated with insulin deficiency while the chronic non-ketotie form is associated with marked elevation of plasma insulin levels and apparent peripheral tissue resistance to insulin action [3--6] . In vivo studies of plasma insulin responses in the non-ketotic form of the syndrome indicate that increased insulin secretion is the earliest and most dramatic change noted [7] . This increased plasma insulin bears a striking relationship to increased caloric * These studies were supported by grants from the National Institute of Arthritis, Metabolic and Digestive Diseases (AM 08949 and AM 01324) ; and were carried out during the tenure of Research Career Development Award K 3 AM 17,954 to Dr. Lebovitz and Research Career Award IlL-K6-14188 to Dr. Hackel. intake [7] , but is only slightly or not at all affected by the ingestion of specific nutrients. Glucose ingestion, for example, causes little if any rise in plasma insulin [2] .
The present study reports the results of in vitro studies undertaken to investigate the control of insulin secretion in the sand rat. The data show that: 1) the pancreas of the sand rat secretes remarkably more insulin in vitro than that of most other species; 2) insulin secretion from the sand rat pancreas in vitro is not stimulated by glucose or tolbutamide and is not inhibited by dopamine; and, 3) glueagon markedly stimulates insulin secretion from sand rat pancreas.
Materials and Methods

Sand Rats
The characteristics of the 18 sand rats used in this study are listed in Table 1 . All of the sand rats were obtained from our breeding colony at Duke. The age of the animals varied from 8 to 32 months. Fourteen were male and four female. The dietary intake of the animals varied, but most had been on a vegetable or mixed vegetable and laboratory chow diet. The weights ranged from 118 to 225 g.
Incubation Technique
The animals were brought to the laboratory several days before the experiments were to be done and were maintained on a vegetable diet. They were fed until the experiment began. They were anesthetized with ether and the pancreases removed, cleaned, cut into 15 to 25 mg pieces, weighed and pre-ineubated for 15 min in a Krebs-Ringer-Biearbonate medium containing 5 mM pyruvate, 5 mM glutamate, 5 mM fumarate, 3.3 m~ glucose and 400 rag/100 ml bovine serum albumin, equilibrated with 95% O2--5~o C02 (modified KRB medium). The pieces were then incubated in fresh modified KRB medium for 15 min (Basal Incubation). Following this they were transferred to fresh modified KRB medium containing the treatment agent, and incubated for an additional 15 rain (Treatment Incubation). All incubations were performed at 37~ in stoppered 10 ml flasks in a gyrorotary shaker bath. At the end of the basal and treatment incubations, aliquots of the medium were placed in chilled tubes and directly assayed for insulin.
Insulin was measured
directly by a radioimmunoassay technique.
Glucagon Purification
Glucagon with a low insulin content (Lot No. 258--234B 167--1) was kindly given to us by Dr. Mary t~oot of the Eli Lilly Company. Before use in the in vitro incubations, the glucagon was chromatographed on a 2.5 • 186 cm Sephadex G50 superfine column with 50% acetic acid as the eluent. 12~I-insulin was added as a marker. Glucagon chromatographed as a single peak and was readily separated from the Insulin release in the basal incubation is expressed as ~U of insulin released per mg of pancreas per 15 rain of incubation. Insulin release in the treatment incubation is expressed as the ratio relative to the release in the basal incubation.
Pancreatic Insulin Content
Following completion of the treatment incubation, each pancreatic piece was immediately homogenized and extracted in 4 ml of acid ethanol by the method of Scott and Fisher [8] . The supernatants were diluted 1 : 1000 with a 0.1 M, pH 7.0 sodium phosphate buffer which contained 200 mg/100 m] bovine serum albumin. contaminating insulin. Following lyophilization the glueagon was reconstituted as a 1 mg/m] solution and aliquots frozen until used. The purified glucagon contained 10 ~U insulin per 50 ~g of glueagon, as compared to the starting material which contained 345~U per 50 ~g of glueagon.
Analytical Methods and Chemicals
Insulin was measured by a double antibody radioimmunoassay technique [9] . Insulin concentrations were calculated using a sand rat insulin standard that had been bioassayed. The sand rat insulin standard displaced the pork l~I-insulin tracer from the anti-pork insulin antibody with 50% the activity of pork insulin. In all assays a pork standard was run simultaneously. Plasma glucose was determined on barium hydroxide-zinc sulfate filtrates by a glucose oxidase method [10] . Student's t test was used to determine the significance of differences between means [11] .
N~,O~'-dibutyryl cyclic adenosine 3'5' monophosphate (DB-AMP), and 3-hydroxytyramine hydroehloride (dopamine) were purchased from Calbioehem (Los Angeles, California). Tolbutamide was a gift of the Upjohn Company (Kalamazoo, Michigan). Table 1 gives the results of the plasma glucose and insulin levels of each animal just prior to sacrifice. From our previous studies we define a normal resting plasma glucose for the sand rat as < 80 rag/100 ml, and a definitely elevated value as > 100 mg/100 ml. Only 3 of the 18 sand rats had a plasma glucose in the clearly elevated range (animals 6, 17 and 18). The plasma insulin in nondiabetie, unstressed sand rats is < 40 ~U/ml. Five sand rats in the present study 
Results
Metabolic Status of Sand Rat Population
Pancreatic Insulin Content
The insulin content of the pancreatic pieces following the in vitro incubation was measured in 4 animals. Table 2 shows that the mean insulin content was between 13 and 20.5 U/g. In each individual sand rat's pancreas there was a marked difference in insulin content for each piece, as shown by the very large standard deviations. This variation is much greater than that which occurs in other animal species, such as the mouse, rabbit or golden hamster. In these same experiments, the insulin released by each piece when incubated in vitro, under basal conditions (modified KRB buffer) was also determined (Table 1) . From these data and the insulin content, the percent of pancreatic insulin released during basal conditions was calculated for these 4 animals, and varied from 0.28 to 1.04~o. While there seemed to be no good correlation between the plasma insulin prior to sacrifice and the pancreatic insulin content, there did appear to be a good correlation between the percent of stored insulin released under basal conditions and the plasma insulin level.
Since pancreatic pieces from the same animal have this marked variability in both pancreatic insulin content and basal insulin release, each pancreas piece must serve as its own control if the effects of stimulatory or inhibitory agents on insulin secretion are to be studied. Table 1 lists the basal in vitro insulin release of pancreatic pieces for each animal. The mean basal insulin release for individual animals varies from 25.0 to 246.1 ~U per mg per 15 rain. Fig. 1 groups the sand rats into those animals with normal, moderately elevated and markedly elevated plasma insulin and shows that the basal release of insulin from an animal's pancreatic pieces in vitro is correlated with the plasma insulin level of the animal prior to sacrifice.
Basal Insulin Release
Stimulated lnsulin Release
The amounts of insulin released in vitro from pancreatic pieces by agents which are known to stimulate insulin release in other animal species are shown in Table 3 . The data are grouped according to the plasma insulin levels at the time of sacrifice. All of the data are expressed as the ratio of insulin release by the pieces during the treatment incubation, as compared to that during the basal incubation for the same pieces. For each animal the results for all pieces (3 or 4) were averaged. The mean value for the group is that obtained using the average for each animal as a single value. Control refers to pieces that are incubated under basal conditions during the treatment as well as the basal incubation period. Apparently in vivo plasma insulin levels have no significant effect on the amount of insulin released in vitro in response to either glucose or tolbutamide.
Since the /)-cell secretory state of this group of sand rats prior to sacrifice had no effect on in vitro insulin secretion in response to stimuli, the data from all the animals were pooled to determine the effect of Fig. 2 . The effect of various agents on in vitro insulin release from sand rat pancreas. For each individual animal, the results obtained for all pieces treated with the same agent (3 or 4 pieces) were averaged and used in the analysis as a single value. The numbers inside the bars indicate the number of animals whose pancreatic pieces were incubated with the specific treatment agent. The bars are the means and the brackets the S.E. derived from the averages for each animal. Control refers to the response of pancreatic pieces that were incubated with basal medium in the treatment incubation period as well. Glucose, tolbutamide, dibutyryl cyclic AMP (DB-AMP) and dopamine had no significant effect on insulin release as compared to the controls. Glucagon significantly stimulated insulin release (p < 0.001)
Discussion
The diabetes mellitus-like syndrome of the sand rat is thought to result from alterations in the environment causing decompensation of a genetically transmitted defect. The nature of the genetic defect is unclear, and how environmental changes (increased caloric intake, stress, infection, etc.) induce glucose intolerance and ketosis is equally ambiguous. Administration of a high caloric diet to sand rats brought directly from Egypt led to a severe fulminating ketotic form of diabetes mellitus in a large percentage, while the remainder developed the more chronic nonketotic form of the disease [3, 4] . It is of interest that as the sand rats have been bred in the laboratory, the diabetes mellitus-like syndrome has become much less severe. Successive generations of offspring have only rarely shown the acute ketotic form of the disease, and most animals now develop the milder form of the chronic non-ketotic illness. The population of sand rats used in this study were bred and kept in our colony for 1 to 2 years on various dietary programs. For the most part, they are very resistant to the development of the acute ketotic form of the disease and, if placed on a very high calorie diet, they will develop mild to moderate hyperglycemia and very markedly elevated plasma insulin levels. Why breeding under laboratory conditions has resulted in a change in the propensity of these animals to develop severe diabetes mellitus is unknown. Table 1 indicates that some of the animals we studied were normal, while others had varying degrees of severity of mild, non-ketotie diabetes mellitus. The most significant parameter to indicate an aberrant metabolic state of the animals is the plasma insulin level. Only 3 of the animals were hyperglycemic at the time of the study, while 8 showed mild and 5 had moderate elevation of plasma insulin. Our studies of pancreatic insulin content and secretion therefore relate to normal or very mildly abnormal animals. In these types of sand rat, the pancreatic insulin content is quite high compared to either species in which spontaneous diabetes mellitus does not occur (golden hamsters 2.0-4-0.16 U/g [12] ; mice 3.78-4-0.45 U/g [13] or even in those in which it does occur. The only animal reported to have higher pancreatic insulin content is the spiny mouse [14] . While the pancreatic insulin content of our animals was not related to their previous endogenous insulin secretion (plasma insulin levels), the percent of the content released in a basal incubation was.
Basal insulin secretion in vitro from our sand rat pancreases is extremely high when compared to other species. Table 4 lists the eharaeteristics of in vitro insulin secretion from pancreas pieces from golden hamsters, mice and rabbits [12, 13, 15] . It is unclear as to why in vitro insulin secretion in the basal state in normal sand rats should be 10 to 25 times higher than other species, even though the in vivo plasma insulin levels are comparable. Basal in vitro insulin secretion does increase in sand rats as the state of the animal changes, for as the plasma insulin level increases the basal in vitro release increases.
Insulin secretion from sand rat pancreas in vitro is not altered by agents that alter insulin secretion from the pancreas of other species. Neither glucose, tolbutamide, nor dibutyryl cyclic AMP is capable of increasing insulin secretion from sand rat pancreases while they do from the pancreas of most other species. Similarly, dopamine, which is a potent inhibitor of insulin secretion in other species [16] is without effect on insulin secretion from sand rat pancreas. The only agent which has any effect on insulin secretion from sand rat pancreas is glueagon. This series of studies indicates that pancreatic insulin secretion in the sand rat is under a series of unique controls. Similar studies need to be carried out with pancreases of other animals that develop spontaneous diabetes mellitus.
Our data are slightly different than other published information on the sand rat. Miki et al. [4] reported much lower pancreatic insulin content in their diabetic sand rats, but these were animals that had recently arrived from Egypt and were developing the acute, fulminating ketotie form of the disease. Malaisse et al. [17] studied in vitro insulin secretion from sand rats on various diets and reported variable results. The pancreases of animals fed a vegetable diet did not release insulin in response to glucose. Those from animals with severe diabetes likewise did not respond to glucose stimulation, while those from animals with diabetes of modest severity did. Pancreatic insulin content in his normal and mildly diabetic animals was high (3.6 to 10.0 U/g) while that in his severely diabetic animals was low. Both his animal population and experimental techniques were different from ours, and it is difficult to compare the two sets of data.
The relationship between the unique control of insulin secretion in the sand rat and the development of the diabetic state is unknown. It seems likely that in his natural habitat the sand rat has little need for insulin to control his metabolic state. Indeed, we and others have shown that sand rat tissues are relatively resistant to insulin action [5, 6] . It seems possible that the physiologic role of insulin in the sand rat might be other than controlling glucose and lipid metabolism, and thus, the control of its secretion might be responsive to factors involved in its physiologic action.
